The purpose of this study is to investigate the role of carbonic anhydrase IX (CAIX) expression in predicting the response to epirubicin and disease-free survival (DFS) in breast cancer patients enrolled in a single institution trial of primary anthracycline and tamoxifen therapy. CAIX expression was assessed in 183 patients with T2-4 N0-1 breast cancer enrolled in a randomized trial comparing four cycles of single agent epirubicin versus epirubicinCtamoxifen as primary systemic treatment. All patients received postoperatively four cycles of the four weekly i.v. cyclophosphamide, methotrexate, 5-fluorouracil regimen. Patients with estrogen receptor (ER)-positive primary tumors received 5 years of adjuvant tamoxifen. Pretreatment, p53 (PZ0.007), c-erbB2 (P!0.01), and Ki67 (PZ0.02) were directly associated with CAIX expression, while bcl2 (P!0.000) and ER (PZ0.000) and progesterone receptor (PgR; P!0.01) were inversely correlated. In multivariate analysis, only high p53 and low bcl2 were independently associated with CAIX positivity. CAIX immunostaining was significantly associated with poor outcome for DFS (P!0.002) and overall survival (PZ0.001). In multivariate analysis, a significant interaction was found between CAIX and markers of hormone sensitivity, bcl2 (PZ0.01), ER (PZ0.02), PgR (PZ0.02), and lymph node involvement (PZ0.04), in predicting DFS. Presently, there are few clinical markers of resistance to tamoxifen treatment in ER-positive tumors. CAIX expression in breast cancer patients shows a negative predictive role of treatment efficacy in ER-positive patients on the adjuvant tamoxifen after primary chemo-endocrine therapy. Studies investigating the effects of pH on tamoxifen uptake and the effects of therapy with CA inhibitors are planned.
Introduction
Hypoxia is a common feature in solid tumors. It is a patho-physiologic consequence of a structurally and functionally disturbed microcirculation and the deterioration of oxygen diffusion conditions (Hockel & Vaupel 2001) . Tumor hypoxia has long been known to be associated with poor survival in cancer patients, since it may contribute to the development of more malignant tumor phenotypes and increase tumor invasiveness and metastatic potential (Harris 2002) . Hypoxia also has an important role in the development of resistance to chemotherapy and radiotherapy (Hockel et al. 1996) .
It is recognized that tumor cells under hypoxic conditions maintain a low extracellular pH (pHe) and a high intracellular pH (Svastova et al. 2004 ). This confers a survival advantage by possible prevention of tumor cell apoptosis and facilitates the local invasiveness of the tumor by breakdown of the extracellular matrix (Svastova et al. 2004) . In addition, the acidic tumor microenvironment reduces uptake of drugs such as anthracyclines, which are weak bases and hence ionized at acid pH (Gerweck & Seetharaman 1996 , Raghunand et al. 1999 , Raghunand & Gillies 2001 .
The carbonic anhydrases (CAs) are zinc metalloenzymes that catalyze the reversible conversion of carbon dioxide to carbonic acid. They participate in pH regulation, CO 2 and HCO 3 transport, and water and electrolyte balance (Christianson & Cox 1999 .
CA IX is one of the genes associated with tumor cell hypoxia, coding for a transmembrane glycoprotein with an extracellular catalytic domain and an N-terminal proteoglycan domain and regulated by hypoxia inducible factor-1 (HIF-1) (Wykoff et al. 2000) . Carbonic anhydrase IX (CAIX) may represent a mechanism of maintaining a pH difference across the cell membrane. It has been shown that CAIX can acidify the pHe of tumor cells in a culture medium and downregulation reduces the survival of breast tumor cells under hypoxic conditions (Potter & Harris 2003) . Expression of CAIX is localized to the perinecrotic area of tumors and has been observed to start at a median distance of 80 mm from a blood vessel, where the oxygen tension drops to 1% (Beasley et al. 2001) . Measurements of tumor hypoxia by Eppendorf microelectrode in advanced cervical cancer have confirmed that there is a direct correlation between hypoxic status and the expression of CAIX (Loncaster et al. 2001) . Thus, CAIX is a marker for detecting hypoxia in tumor samples immunohistochemically.
In three studies, the expression of CAIX was associated with poor prognosis independent of the other commonly recognized prognostic parameters such as tumor (T) status, node (N) status, tumor grade, estrogen receptor (ER), and c-erbB2 expression in breast cancer patients (Chia et al. 2001 , Bartosova et al. 2002 , Span et al. 2003 . All these studies involved heterogeneous patient populations submitted postoperatively to different treatment strategies (radiotherapy, chemotherapy, and endocrine therapy) or no therapy.
Primary chemotherapy administered to the breast cancer patients is a useful model to identify baseline features able to predict which patients are most likely to benefit from the cytotoxic treatment and is a way to study new biological markers in relation to the predictive information they provide. In addition, tumor biopsy specimens obtained in matched pair cases at diagnosis and definitive surgery provide valuable information on the interaction between biological markers and treatment.
In the present study, CAIX expression was evaluated in a series of breast cancer specimens obtained before and after primary anthracycline and tamoxifen therapy from breast cancer patients enrolled in a randomized trial of primary therapy, with the aim to: (1) assess the relationship between CAIX expression and diseasefree survival (DFS), (2) evaluate expression in relation to response to the therapy with a single cytotoxic agent, where acid pH could contribute to drug resistance, and (3) assess changes in CAIX expression after treatment and their relation to the outcome.
Patients and methods

Patients
Patients with T2-4 N0-1 breast cancer were recruited in a randomized trial comparing single agent epirubicin (EPI arm) versus epirubicinCtamoxifen (EPI-Tam arm) as primary systemic treatment. The results of this trial have recently been published (Bottini et al. 2005) . Two hundred and eleven patients were enrolled in which one hundred and five were randomized to receive epirubicin alone and one hundred and six were randomized to receive epirubicinCtamoxifen. In first presentation, an incision biopsy was performed on each patient and a small tissue sample (0.5-0.8 cm) was removed. Chemotherapy was started within 2 days of diagnosis. Patients in the EPI arm received 60 mg/m 2 epirubicin (Farmorubicina, Pharmacia) by slow i.v. push on days 1 and 2, while patients in the EPI-TAM arm received 60 mg/m 2 epirubicin by slow i.v. push on days 1 and 2, and 30 mg tamoxifen (Kessar, Pharmacia) daily. Epirubicin injections were repeated every 21 days for four cycles before definitive surgery, whereas tamoxifen was given continuously until definitive surgery. Surgery was planned after complete clinical reassessment. Quadrantectomy or modified radical mastectomy was performed when indicated in association with complete axillary node dissection. All patients subjected to quadrantectomy underwent irradiation of the residual breast (60 Gy delivered over 6 weeks). All patients received four cycles of cyclophosphamide (600 mg/m 2 ), methotrexate (40 mg/m 2 ), and 5-fluorouracil (600 mg/m 2 ) intravenously on days 1 and 8 every 28 days (CMF regimen) (Zambetti et al. 1997 i.e. lower than the primary dose) starting after surgery, up to progression or for a maximum of 5 years.
Treatment evaluation
Each month, the size of the primary tumor and axillary lymph nodes, when appreciable, were measured with a caliper by the same clinician. Response was assessed by the clinical measurement of the changes in the product of the two largest diameters recorded in two successive evaluations. According to the World Health Organization criteria, tumor progression (PD) was defined as an increase of at least 25% in tumor size; stable disease as an increase of less than 25%, or a reduction of less than 50%; partial response (PR) as a tumor shrinkage greater than 50%; and complete response (CR) as the complete disappearance of all clinical signs of the disease.
Pathological CR (pCR) was defined as the absence of neoplastic cells in the breast and in the axillary lymph nodes.
Histopathologic grade and immunohistochemistry
Tumor grade was evaluated using the Nottingham system (Elston & Ellis 1991) . Immunohistochemical evaluation was performed on paraffin-embedded tumor samples obtained at diagnosis and at definitive surgery. bcl2, p53, ER, progesterone receptor (PgR), and Ki67 staining were performed at the Pathology Unit of the Azienda Ospedaliera Istituti Ospitalieri of Cremona (Italy), CAIX staining was assessed at the John Radcliffe Hospital in Oxford, UK.
The immunohistochemical methodology used in Cremona for routine markers is completely described elsewhere (Bottini et al. 2000) . Briefly, an antigen retrieval step was performed by heating a tissue section in a citrate buffer. The primary antibodies applied were: ER (mouse monoclonal 6F11 (Novocastra Lab., UK), dilution 1:50, 1 h incubation at room temperature), PgR (mouse monoclonal 1A6 (Novocastra Lab.), dilution 1:20, 1 h incubation at room temperature), Ki67 (mouse monoclonal Mib-1 (Dako, Glostrup, Denmark), dilution 1:30, 1 h incubation at room temperature), p53 (mouse monoclonal D07 (Novocastra Lab.), dilution 1:100, 1 h incubation at room temperature), bcl2 (mouse monoclonal 124 (Dako), dilution 1:40, overnight incubation at 4 8C), and c-erbB2 (mouse monoclonal CB11 (Novocastra Lab.), overnight incubation at 4 8C).
Biotinylated horse anti-mouse IgG and avidinbiotin-peroxidase complex were applied as a staining method (Vectastatin ABC kit; Vector Laboratories, Inc., Burlingame, CA, USA). A solution containing hydrogen peroxide (0.06% v/v) and diamino-benzidine-4 HCl (DAB; 0.05 v/v) was used as chromogen.
All samples had a negative control slide (no primary antibody) of an adjacent section to assess the degree of non-specific staining. Positive controls included breast carcinomas known to exhibit high levels of each marker.
All staining was scored by counting the number of positive-stained cells and was expressed as a percentage of the total tumor cells (at least 1000) counted across several representative fields of the section using a standard light microscope equipped with a 10!10 square graticule. Reproducibility of counting was assessed by a second investigator re-scoring ten slides.
The relative intensity of ER and PgR staining was assessed in a semi-quantitative fashion as previously described by McCarty et al. (1985) , incorporating both the intensity and distribution of specific staining. A value (HSCORE) was derived from the sum of the percentages of positive-stained epithelial cells multiplied by the weighted intensity of staining. Specimens were deemed receptor positive if the HSCORE was greater than 100.
Immunohistochemistry for CAIX was performed on tissues retrieved from the histopathology archives at the Pathology Unit of Cremona, Italy. Two core tissue biopsies, 0.6 mm in diameter, were taken from selected morphologically representative regions of each paraffin-embedded breast tumor and sections of 5 mm thickness of each tissue array block were transferred to the glass slides. Quality control was assessed on each block by haepatoxylin and eosin (H&E) staining.
Immunohistochemical staining for the endogenous hypoxia marker CAIX was performed with the murine monoclonal antibody M75 (a kind gift from S Pastorekova) at a dilution of 1:50 for 30 min (Pastorekova et al. 1992) . Secondary antibody, an anti-rabbit anti-mouse antibody complex from the Envision HRP kit (Dako) was allowed to incubate for 30 min. Slides were then stained with DAB and counterstained with hematoxylin and mounted. The immunostaining was quantified in carcinoma cells by semi-quantitative scoring as previously described (Colpaert et al. 2003) . In brief, a score of 0-2 for the intensity of staining was given (0, no staining; 1, weak staining; 2, moderate to strong staining). For all comparisons with survival and response, any staining was counted as positive.
The pathologists performing the immunohistochemical evaluations both in the Pathology Unit of Cremona, Italy and John Radcliffe Hospital in Oxford, UK worked in blinded conditions, that is, they did not know the patient outcome and whether the samples www.endocrinology-journals.org they examined were obtained from incisional biopsy or definitive surgery.
Statistical methodology c
2 -test for trend and Fisher's exact test were used when indicated to perform comparisons of proportions. Kruskal-Wallis ANOVA was performed to compare continuous variables. Multivariate logistic regression was used to identify covariates independently associated with CAIX expression. In this analysis, CAIX expression was dichotomized in two classes, '0' (no immunostaining) and '1' (presence of immunostaining). DFS was calculated from randomization to the occurrence of disease relapse or death, whichever was first. Overall survival (OS) was calculated from randomization to the date of death. The last follow-up date was considered for DFS and OS (censored), if patients were free from recurrence and alive respectively. The DFS and OS curves were estimated using the Kaplan-Meier method. Unadjusted differences in these estimates were assessed with the log rank test. The Cox proportional hazard model was used to assess the independent predictive role of the clinical-pathological factors in multivariate analysis and the treatment undergone for disease recurrence. The analysis was conducted in two steps: initially, CAIX expression and all classical clinical and pathological factors were included in the multivariate model. Variables not significantly associated with the outcome were then removed from the model in a stepwise backward procedure based on the likelihood ratio (P!0.10). In the second step, the presence of interactions between CAIX and each of the clinical and pathological factors and the treatment undergone was investigated by introducing the appropriate terms describing the interaction between the CAIX and the covariates of interest, one at a time, in the final model obtained in the preceding step. Due to the small sample size and the number of interactions that were evaluated, these analyses must be considered as exploratory, and no attempt was made to build a complete model, where all the significant interaction terms and the associated main effects were included and evaluated simultaneously. All variables included in multivariate analyses were dichotomized and coded '0' in negative cases and '1' in positive cases with the exception of Ki67. This latter variable had a left skewed distribution and was modeled using the log transformation. The assumption of proportional hazards was verified by visual inspection of the plots of the log-estimated cumulative hazards in the various strata defined by the covariates, and no major violation of the assumption was observed. All P values reported were two sided; values less than 0.05 were considered statistically significant.
Statistical analyses were performed using the Statistica for Windows (Tulsa, OK, USA) and SPSS for Windows software packages.
Results
Out of 211, 183 patients prospectively enrolled in the trial (86.7%) had CAIX assessed. For the remaining 28 patients, the blocks had been discarded due to insufficient material. Characteristics of the 183 patients included in this study are shown in Table 1 . Eighty-nine patients were randomized in the EPI arm, ninety-four were randomized in the EPI-TAM arm. One hundred and sixty-nine patients had CAIX evaluated at the baseline, one hundred and forty had CAIX assessed in residual tumor, one hundred and twenty-six had CAIX assessed both before and after treatment, while fourteen patients had CAIX assessed in the residual tumor histology only. CAIX immunostaining was detected in 41/169 tumor samples collected before treatment (24.2%) and in 30/140 tumor samples collected afterwards (21.4%).
Relationship between CAIX expression and clinical and immunohistochemical prognostic parameters
As shown in Table 2 , CAIX expression at baseline conditions did not correlate with T status and N status in univariate analysis. An association of borderline significance (0.08) between CAIX intensity and grade was observed. CAIX expression was directly associated with p53, c-erbB2, and Ki67 expression, while it was inversely associated with bcl2 and steroid hormone receptor status.
In multivariate analysis, however, the only two variables independently associated with CAIX positivity were bcl2 expression, (odds ratio (OR) 0.2; 95% confidence interval (CI): 0.1-0.5, PZ0.0001), and p53 expression (OR 2; 95% CI: 0.9-4.8, PZ0.05).
Effect of treatment on CAIX immunostaining
In 126 patients with CAIX assessed in matched samples before and after treatments, CAIX positivity was found in 32 baseline tumor samples (25.4%) and 27 residual tumor samples to chemotherapy (21.4%) respectively. CAIX-positive tumors (21/32) at the baseline showed reduction in marker expression (Table 3 ) and 18 of these became negative at the end of treatment, while CAIX-negative tumors (13/94) at the baseline became positive at the end of treatment. CAIX variation did not differ according to the treatment received (EPI or EPI-Tam; data not shown).
CAIX expression and response to treatment
Among 169 patients with CAIX assessed at baseline, one patient refused to continue the treatment after the None of these differences was statistically significant. All the six pCRs were confined to patients with CAIX negative primary tumor (PZ0.33, Fisher's exact test).
CAIX expression and disease outcome
Out of 183, 45 patients relapsed (24.6%) and 21 (11.5%) died of disease. As shown in Fig. 1a and b, CAIX expression was significantly associated with poor outcome both in terms of DFS and OS. In univariate analysis, tumor grade (PZ0.04), T (PZ0.0001) and N status (PZ0.000), ER (PZ0.003), PgR (PZ0.03), and bcl-2 expression (PZ0.002), in addition to CAIX expression, were significantly associated with disease recurrence, while the correlation with disease recurrence of Ki67 (PZ0.10), p53 (PZ0.06), and c-erbB2 expression (PZ0.07) just failed to attain statistical significance. Menopausal status was not associated with disease recurrence (PZ0.29).
In multivariate analysis, CAIX expression was not an independent predictor of DFS (Table 4) . Tumor size (hazard ratio (HR) 2.7; 95% CI: 1.4-5.4, PZ0.003), lymph node involvement (HR 2.8; 95% CI: 1.4-5.7, PZ0.004), and bcl2 status (HR 0.4; 95% CI: 0.2-0.8, PZ0.008) were retained in the final model. Treatmentinduced changes in CAIX were not correlated with DFS in univariate analysis (data not shown).
Effect of CAIX on DFS in different subgroups according to clinical and pathological parameters
In the exploratory analyses aimed at evaluating the interactions on DFS between CAIX and each of the clinical and pathological parameters, a significant positive interaction was found between CAIX and The interaction between CAIX and the various factors in predicting DFS is depicted in Table 5 . As shown, CAIX positivity was clearly associated with a two-to threefold increased risk of relapse in patients with tumors positive for markers of responsiveness to endocrine therapy, such as ER, PgR and bcl2, and in nodepositive patients, whereas no association was seen in patients negative for these markers and in nodenegative patients (Table 5) . No variation in the prognostic effect of CAIX was seen across subgroups of the other factors. The interaction between CAIX and ER status is shown in Fig. 2 in which the predictive role of CAIX for DFS in univariate analysis is confined to ER-positive patients.
Discussion
Hypoxia has been implicated as an important component in tumor progression and spread. We initially identified CAIX to be hypoxia inducible in several epithelial cell lines and its expression was closely correlated with the presence of necrosis, believed to be an indicator of local hypoxia, within invasive breast tumors (Leek et al. 1999) . As a measure of tumor cell hypoxia CAIX was shown to be a prognostic factor in different cancers (Koukourakis et al. 2001 , Loncaster et al. 2001 , Hui et al. 2002 , Swinson et al. 2003 , Bui et al. 2004 , Hussain et al. 2004 . These studies have also revealed that the expression of this biomarker is restricted to the transformed, dysplastic, and malignant epithelial cells and is rarely expressed in benign or normal tissue. However, in the studies published to date, CAIX was assessed in tumor samples of the patients submitted to heterogeneous adjuvant treatments or no treatment at all after surgery. From these studies, it is very difficult to draw conclusions on the predictive role of this marker on treatment efficacy and the heterogeneous treatments administered could have lead to biased results with respect to the disease outcome, while predictive factors can be best evaluated in the context of a prospective randomized clinical trial (31, 32) . In the present study, CAIX evaluation was performed in a series of patients prospectively enrolled in a single institution phase III trial comparing epirubicin versus epirubicinCtamoxifen, as primary systemic treatment (Bottini et al. 2005) . In addition, after surgery, all patients received i.v. CMF regimen in adjuvant setting and those patients with ER-positive primary tumor in both treatment arms underwent 5 year adjuvant tamoxifen therapy. As previously observed, the CAIX expression was not related to disease stage (Chia et al. 2001) , whereas it was significantly associated with biological tumor prognostic features, such as p53, Ki67, c-erbB2 expression as well as negative steroid hormone receptor status, and negative bcl2 status (Leek et al. 1999) . Bertosova et al. (2002) reported a weak, but significant, correlation of CAIX in breast cancer with c-erbB2 expression. We confirmed this association suggesting that CAIX with its reversed correlation with ER status and positive correlation with c-erbB2 is associated with resistance to endocrine therapy. Test for interaction. The interaction terms were, one at a time, added to the final model. Before testing another interaction, both the covariate and the interaction term were removed from the model. Terms for interaction of CAIX with p53, tumor grade, log Ki67, c-erbB2, and T status were not significantly associated with outcome and were not included in the table. This study, however, is the first to show that CAIX expression is related to the expression of genes regulating apoptosis and proliferative activity. As previously reported, all the biological variables considered in this study are reciprocally correlated (Bottini et al. 2000) . When the variables associated with CAIX expression in univariate analysis were included in a multivariate logistic regression model, only p53 and bcl2 showed an independent relationship with CAIX expression. The relationship reflects the inverse association with ER, since bcl2 is an estrogen-regulated gene and p53 expression is associated with ER-negative cases.
Tumor hypoxia regulates many changes in gene expression. In particular, hypoxia selects for p53-mutations (Schmid et al. 2004 ) (most p53 detected by immunohistochemical procedures is usually the mutated form) leading to apoptosis inhibition. The direct relationship between CAIX and p53 supports these data, and in cell lines, it has been shown that wildtype p53 suppresses CAIX expression (Kaluzova et al. 2004) , thus providing a mechanism for co-expression in some cases, although most CAIX-positive cases were p53 negative. The inverse relationship with bcl2 reflects the regulation of bcl2 by ER, with hormone receptors being reciprocally related to CAIX.
In this study, CAIX was not predictive of clinical response overall, although no patient with a CAIXpositive tumor had a pCR. We gave patients the maximal dose of epirubicin that can be given without marrow support or cardioprotection on a three weekly basis, as a single agent. The hypothesis tested was that CAIX could mediate one mechanism of resistance relating to poor drug uptake. There was no difference in response in those treated by epirubicin alone versus tamoxifen. Although an effect of CAIX expression was not detected on response, this may be difficult because of the large tumor mass, and effects on elimination of micrometastases could be a more relevant endpoint and represented by poorer DFS.
Few tumors changed the CAIX status before and after treatment. The number of patients with a CAIXnegative tumor at baseline, which becomes positive afterwards is similar to that of patients showing an opposite pattern. The percentage of patients with CAIXpositive tumors did not differ significantly before and after treatment. These data suggest that, as a whole, CAIX immunostaining is not influenced by treatment.
In this series, CAIX expression was significantly associated with poor DFS and OS, confirming previous observations in breast cancer (Chia et al. 2001 , Colpaert et al. 2003 , Span et al. 2003 . However, in multivariate analysis, CAIX failed to be an independent predictor of DFS when adjusted for T status, N status, p53, bcl2, Ki67, steroid hormone receptors, and treatment. This observation is in contrast with previous publications (Chia et al. 2001 , Span et al. 2003 , Chia & Yorida 2004 . It should be noted, however, that the HR of 1.6 obtained with CAIX in the present study is superimposable to HRs of CAIX reported in multivariate analyses performed in previous studies (Chia et al. 2001 , Chia & Yorida 2004 , Yorida et al. 2004 . These data provide further information in favor of the negative prognostic significance of CAIX expression.
We observed a statistical interaction of CAIX with ER, PgR, and bcl2 in determining DFS, indicating that CAIX prognostic significance is limited to (or more pronounced in) patients with hormone-responsive tumors. Hypoxia can cause endocrine therapy resistance as has been shown recently in cell lines in the tissue culture (Cooper et al. 2004 , Coradini et al. 2004 , thereby contributing to increased drug resistance. Tamoxifen in particular is a weak basic drug (pK a Z8.8), so that possible mechanisms of hypoxiainduced resistance to this drug relate to the acid outside pH gradients that reduce the partitioning of weak basic drugs into the relatively alkaline cells. This phenomenon has its basis in 'ion trapping', wherein weak bases partition into, and are sequestered by acidic compartments, such as the extracellular matrix (Roos 1978) . This occurs because uncharged, organic-free bases are more permeable than their protonated and charged counterparts and establish equal concentrations on either side of the cell membrane (Gillies 1978) . There is evidence that decreased uptake is a possible mechanism of resistance in hormone-resistant breast cancers on tamoxifen therapy, although how this occurred was not described (Dowsett et al. 1995) . The results of the present paper suggest a contribution of CAIX expression in the tamoxifen resistance. Since the patient population with ER-positive tumors was homogeneously submitted to 5 year adjuvant tamoxifen in addition to chemotherapy, it is not possible to assess whether the observed interaction is due to an antagonizing effect of CAIX positivity on the efficacy of tamoxifen or it may be attributable to a true interaction between two different tumor characteristics.
In conclusion, there are presently few clinical markers of resistance to tamoxifen treatment in ERpositive tumors. CAIX expression in breast cancer patients shows a negative predictive role of treatment efficacy in ER-positive patients on the adjuvant tamoxifen after primary chemo-endocrine therapy. Studies investigating the effects of pH on tamoxifen uptake and the effects of therapy with CA inhibitors are planned. 
